Abstract-Load sharing between feeder stations has the ability to significantly improve the performance of ac electric railways by reducing the number of traction power network grid connections and minimizing losses and plant size. In this paper, the existing rail power conditioner technology, traditionally used for load balancing, is investigated from the new perspective of providing reactive voltage support and active power sharing between stations. The concept is validated through a feasibility study conducted for a heavy haul ac railway network.
I. INTRODUCTION

S
INCE their origins in the 1840s, electric railways have evolved through the early dc traction power networks to the now prevalent ac systems [1] - [3] . The original dc networks are still in use in railways where power demand and distance are not critical, such as metro and light rail, whereas ac systems are preferred for applications requiring long distances and high power, such as high-speed commuter and freight trains. This paper focuses on the ac electric railway networks. The ac traction network used for the French TGV railway is presented by Roussel [4] , and Nugent details the Australian heavy haul electric railway, operating in central Queensland [5] .
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A. Traditional AC Traction Power System
Electric locomotives are supplied using an overhead line (OHL) network, fed from the utility transmission or distribution grid, via feeder stations (FSs) located alongside the rail corridor. Track section cabins (TSCs) are positioned in between FSs to facilitate sectioning.
AC locomotives are almost universally implemented as single-phase electric loads and, consequently, the entire traction power network is a single-phase system. Each FS contains typically two single-phase power transformers fed from a pair of phases sourced from the three-phase HV grid side. The adjacent power transformers are always connected to alternate phases of the utility grid to avoid feeding the entire traction network from a single pair of phases. This prevents paralleling of any two adjacent power transformers, be it at one FS or at neighboring FSs, meaning that each power transformer feeds a radial section, isolated from the rest of the network. This is illustrated in Fig. 1 , where the power transformer from FS 1, connected to phases B and C, feeds the section between FS 1 and the TSC and similar applies to FS 2 power transformer connected to phases C and A. The bus section breakers at both FSs and the TSC are normally open with neutral sections preventing the locomotives from bridging two adjacent feeding segments. Train loads can never be shared by two or more power transformers. This feeding arrangement is commonly referred to as the "V/V" connection.
B. Rail Power Conditioners
The single-phase railway network invariably creates load unbalance in the upstream three-phase utility grid. Special transformer connections have been developed over the years to alleviate the problem of unbalanced loads [6] , [7] . A commonly used arrangement is the Scott transformer, installed between a three-phase source grid and two single-phase legs of the traction network. If the two single-phase legs are equally loaded, the Scott transformer presents a balanced three-phase load to the source side. In practice, the two load legs are rarely equally loaded; therefore, the special transformer connection, at best, only alleviates the unbalance problem. RPC, made possible by the introduction of the voltage source converter (VSC) technology, were originally developed in Japan during the late 1990s. An RPC consists of two back-to-back single-phase ac/dc converters with a dc link in between, providing controlled active and reactive power exchange between the two LV connections of the power transformers. Its objective is to present the sum of locomotive loads to the grid HV side of the power transformers as balanced and free of reactive power.
The original RPC was developed for the Japanese Shinkansen high-speed railway in 2000 [8] . The power electronics installation was connected between the two single-phase load legs of a Scott transformer (see Fig. 2 ). By compensating the reactive loads and equalizing the active loads between the two Scott transformer legs, the RPC ensured that the load seen by the upstream three-phase utility is balanced and purely active. Assuming purely active locomotive loads, the critical scenario for sizing the RPC converters is when one leg is fully loaded (active power P assumed) and the other is unloaded. The converter rating in this case is equal to P/2.
The RPC technology has since progressed to include other transformer configurations, including the V/V connection [9] . In this case, there is an additional reactive power exchange required through the RPC (see Fig. 3 ). With purely active locomotive loads, the critical scenarios are as follows: 1) one leg is fully loaded (active power P assumed) and the other is unloaded; 2) both legs are fully loaded (active power P on each leg assumed). In both instances, a 15.5% increase in the RPC converter rating is required, compared to the Scott transformer variant [10] .
A further variation called "cophase," which eliminates the need for the neutral section ( starting in the late 2000s [11] - [14] . The rating of the converter component again depends on the transformer connection.
This study presents a new application of the RPC technology: The RPC is used to reduce grid connections through improved voltage and load profiles along track sections.
II. LOAD SHARING BETWEEN CONNECTIONS
Load sharing between adjacent FSs aims at achieving following four goals: 1) improve the voltage profile along the sections, allowing for a higher distance between FSs and, ultimately, reduced number of necessary grid connections: 2) minimize losses; 3) minimize ratings of plant items, maximizing utilization; 4) allow for robust, simple, and cost-effective implementation. This study models the network behavior with the RPC connected in between two FSs, providing controlled active and reactive power exchange between the sections it connects (see Fig. 5 ).
The following three methods are examined: 1) natural load sharing; 2) reactive voltage support; 3) active load sharing to limit the power difference.
A. Natural Load Sharing
In this case, the RPC would mimic the behavior of the network as if its bus section breakers were closed. Assuming equal traction network bus voltages at FS A and FS B, for each train on the section, the adjacent FSs would contribute a current inversely proportional to the line impedance between the station and the train (see Fig. 5 ). With consistent per-kilometer impedance of the OHLs, the impedance converts to the relative distance between the train and each of the stations.
This method obviously satisfies goal 1-as trains traverse between FS A and FS B, their load currents are shared by the two substations, resulting in reduced voltage drops.
This current distribution through the RPC, however, would be very complex and expensive, as the RPC control algorithm would need to be continuously aware of the position of every train on the section. This is further complicated by the fact that the per-kilometer impedance is typically not consistent due to duplications, use of spur lines emanating from the main line, and conductor reinforcements (goal 4 is not achieved).
Further to this, natural load sharing would not minimize the losses incurred by a system plant. For illustration, assume a single train traversing between FS A and FS B. When the train is in the immediate vicinity of FS A, its full-load current will be drawn from the relevant FS A transformer with no contribution from FS B. The transformer at FS A would, therefore, need to be rated for the full train load and would incur the corresponding losses (goals 2 and 3 are not achieved).
For these reasons, a simpler and more efficient method can be used for load sharing, with decoupled active and reactive power exchange between the RPC and the two interconnected sections.
B. Reactive Voltage Support
The purpose of this RPC function is to support the voltage at the RPC buses.
Reactive shunt compensators have been in use since the origins of ac power transmission. With the development of current source converters during the 1970s, the original rotating synchronous machines have progressed into static variable impedance compensators (static var compensator) consisting of switched capacitors and controlled reactors. In more recent times, with the invention of VSCs, the technology has evolved into static synchronous compensators (STATCOM), consisting of an input dc voltage source in the form of a capacitor, connected to the compensated bus through a voltage source dc-ac converter and a reactance. In essence, shunt compensators regulate voltage through controlled exchange of reactive power while in synchronous operation with the ac system at the compensated bus [15] .
The traditional load flow methods model the loads as one of the following three options:
1) constant draws of active and reactive powers; 2) constant current source; 3) constant impedance values. With constant current source models, the load powers are proportional to the voltage, whereas with constant impedance models, the active and reactive load powers are proportional to the square of the voltage. In reality, electric loads are neither constant power, constant current, nor constant impedance, but are more complicated in nature. A number of methods have been developed in recent years, enabling better accuracy as well as improved stability and convergence for load flow simulations, using voltage dependent loads [16] - [19] .
In the context of this study, the RPC exchanges capacitive power with both sections in order to support the voltage. A model of the reactive power exchange is required for this study in order to determine the size of the converter components. The RPC is modeled as a "two-way" single-phase STATCOM, exchanging reactive power with the two interconnected sections based on voltage at the two RPC buses. The control algorithm for reactive power exchange is modeled as voltage-dependent capacitive load (see Fig. 6 ) as per the following formula:
where Q reactive (capacitive) power exchanged between RPC at either bus; Q 0 = 5 Mvar base reactive power; E Q = −33 exponential coefficient; V voltage at either of the two RPC buses; V 0 = 50 kV base voltage. The base reactive power and the exponential coefficient were selected heuristically to best suit the particular network model requirements.
The model is explained in the following simplified example. Aurizon's traction power network operates at the voltage of 50-kV catenary to feeder wire. A typical track feeder is 30-50 km long. Locomotives have a unity power factor (cos φ = 1) and there may be up to 40 MW drawn from one power transformer at any point in time. Therefore, assume a 40-km-long single-phase 50-kV line, connecting a source at one end and an active load in parallel with a voltage-dependent capacitive load at the other end (see Fig. 7 ). The line in this case represents a track section, the source represents the grid connection, and the active load represents the locomotives, whereas the voltagedependent capacitive load represents the RPC providing reactive voltage support. The active load (representing the trains) is voltage independent and is varied from 0 to 40 MW.
The RPC model, therefore, operates as per (1), where Q power delivered by the RPC; V voltage at the load / RPC bus.
The behavior of this system is illustrated in Fig. 8 , where P (MW) locomotive load; V (kV) uncompensated voltage (without the capacitive compensation); Vc (kV) compensated voltage (with the capacitive compensation in service); Q (Mvar) RPC capacitive power.
The simplified example network is modeled in DigSilent PowerFactory and the simulation results are presented in Fig. 8 . It can be seen that the modeled RPC maintains the voltage to within approximately 2% of the nominal voltage for active loads up to 40 MW, which is the typical rating of a power transformer in Aurizon's traction network.
It can be observed that for the no load scenario (P = 0 MW), the model introduces an error-there is an unnecessary capacitive contribution from RPC of 2.3 Mvar, raising the voltage to 51.2 kV. In reality, the STATCOM would be expected to deliver inductive power to compensate for the parasitic capacitance of the line. For low loads, the RPC model overcompensates-for example, at the 5-MW load, the bus voltages are increased to 50.6 kV. However, for loads of 10 MW and higher, the RPC model holds the following: 1) maintains the voltage at close to nominal value; 2) delivers the amount of reactive power necessary to achieve this task. Since it is the peak train loads that dictate the maximum RPC capacitive power, this model is considered sufficiently accurate for its purpose. The network is illustrated in Fig. 5 .
The RPC in this case operates similar to a single-phase STATCOM; however, in this case, the dc link is shared by two converters.
C. Active Load Sharing to Limit the Power Difference
The RPC exchanges active power between the two sections such that the difference between the active draws at the two adjacent stations is limited to a predetermined value (see Fig. 5 ), where P A , P B powers drawn at the two stations; P LIM power limit (5 MW used in the study); P RPC power conducted through the RPC. This arrangement requires instrumentation and communication systems to send metered active power draws from the two adjacent stations to the RPC, which are already available at Aurizon and most modern railways. The P LIM value could, in theory, be set to 0; however, this would require infinitely fast communication and control systems and would impact on the converter size. For the study, the 5-MW limit was selected as reasonable (the typical transformer rating is 30-40 MVA).
The improvements provided by this method are as follows: 1) uniform loading of the two FSs; 2) reduced heating in power transformers and OHLs (as the losses are proportional to the square of the current carried) and, ultimately, reduced ratings of these components (goals 2 and 3 are achieved); 3) improved voltage profile along the sections, in combination with capacitive voltage support, using the Q = Q 0 (
is achieved).
III. CASE STUDY
Peak Downs FS is a part of Aurizon's Goonyella network in Queensland [20] , located in between Red Mountain TSC and Coppabella FS to the north and Saraji TSC and Norwich Park FS to the south (see Fig. 9 ).
The distance between Coppabella and Norwich Park is approximately 100 km, with Peak Downs at approximately 40 km from Coppabella and 60 km from Norwich Park. Simulations were conducted to assess if Peak Downs could be disconnected from the utility grid by using RPC and energy storage technologies.
A. General Considerations
The system normally operates with each power transformer feeding the section to the adjacent TSC. The system must perform for unplanned outages of power transformers with full traffic, as well as planned FS disconnection outages with reduced traffic. The locomotives normally operate at 25 kV nominal catenary voltage with a +/−10% margin. If the voltage drops below 22.5 kV, the locomotive continues to operate in reduced power mode until 19 kV, at which point it disconnects. In addition to the voltage profile, the system must also satisfy healthy loading conditions, with no overheating of transformers or OHLs.
Three-day simulations using planned rail traffic were conducted with 10-s increments for each configuration and feeding scenario including outages, in order to determine the configuration feasibility and to size the required components. A train consistently draws between 0 and 18 MW depending on 
B. Peak Downs Disconnected, No RPC
In this scenario, Peak Downs operates as a TSC, with Coppabella and Norwich Park each feeding up to Peak Downs neutral section (see Fig. 10 ).
The voltage profile in this case is clearly unacceptable, with the catenary voltage dropping to as low as 16.2 kV. Fig. 11 shows the minimum catenary to feeder voltage anywhere on the network, as seen by one of the trains, throughout the simulation.
The network minimum voltage at any point in time is never less than the nominal voltage of 25 kV, which occurs when there is no load (the maximum voltages throughout the simulations are always within limits). Norwich Park FS transformer overheats (see Fig. 12 )-the winding temperature alarm is set at 115°C, whereas the trip occurs at 125°C, assuming an ambient temperature of 40°C.
C. Peak Downs RPC-Reactive Voltage Support
In this case, the RPC exchanges reactive power with the two interconnected sections in order to support the voltage (see Fig. 13 ) in accordance with the formula discussed in Section II-B.
The voltage profile (see Fig. 14 ) in this case is improved, however still not acceptable. The risk of overheating the Norwich Park transformer is still present, and the temperature is in fact augmented (see Fig. 15 ).
The maximum reactive power produced by either of the two ac/dc converters is 29.2 MVA (each) and the maximum combined reactive power delivered by the RPC is 30.8 Mvar.
D. Peak Downs RPC-Reactive Support and Active Power Exchange
In addition to reactive voltage support, the RPC conducts active power, ensuring that the difference between active powers drawn by Coppabella and Norwich Park is below the set limit of 5 MW (see Fig. 16 ).
The voltage profile is now acceptable (see Fig. 17 ). The load profile for all components is also normal with no risk of overheating (see Fig. 19 ). Fig. 18 shows the active power conducted through the RPC (a 10-MW limit is used in the control algorithm)/combined reactive power exchanged by the RPC in this case.
The maximum power conducted by converters is now 17 MVA (each), while the combined reactive power is 16.9 Mvar.
This configuration satisfies all network performance requirements, including temperature (see Fig. 19 ). Table I summarizes the component sizing for various scenarios.
E. Summary
IV. CONCLUSION
The RPC components and their ratings are dependent on the particulars of the network, the traffic, and the relative location of the installation.
As this paper demonstrated, in this case, reactive support alone is insufficient, as it fails to adequately improve the voltage profile and even slightly exacerbates the overloading of the Norwich Park transformer. The addition of the active power exchange normalizes the voltage, eliminates the overloading of the Norwich Park transformer, and significantly reduces the MVA requirements of the converters and the combined Mvar delivered by the RPC.
The position of the RPC system in this case is determined by the location of the existing Peak Downs FS. A more convenient location could reduce the component sizing. Mobile installations, allowing for accurate selection of the most convenient location to deal with outages would be of particular interest.
Further improvements in terms of RPC component sizing and network performance could be achieved through wayside largescale energy storage. The energy storage solution is beyond the scope of this paper and is investigated in a further publication.
